The objective was to compare bond strengths of adhesives with/without thermocycling and to analyze the micromorphology of resindentin interfaces. Flat dentin surfaces were prepared and divided into eight groups to bond with four etch-and-rinse adhesives (Optibond FL, Adper Scotchbond Multi-Purpose, Optibond Solo Plus, and Single Bond 2) and four self-etch adhesives (Clearfil SE Bond, Adper SE Plus, Clearfil S 3 Bond and Adper Easy Bond). Specimens were further divided into two subgroups subjected for with/ without thermocycling and then subjected to both micro-tensile test and resin-dentin interface evaluation. The results revealed that there were significant differences in bond strength between the groups with and without thermocycling for all etch-and-rinse groups and for the Adper Easy Bond self-etch group (p<0.01). Clearfil SE Bond demonstrated highly durable bond strengths. Furthermore, more silver ion uptake was observed at the resin-dentin interfaces for all etch-and-rinse adhesives and Adper SE Plus and Adper Easy Bond after thermocycling.
INTRODUCTION
The durability of resin-bonded interfaces on dentin created by adhesive systems relies on the creation of a compact and homogeneous hybrid layer 1) . Etch-andrinse adhesives are composed of phosphoric acid to pre-treat the dental hard tissues before rinsing and subsequent application of an adhesive to infiltrate the etched enamel and dentin. This infiltration results in a resin-dentin interdiffusion zone known as the hybrid layer 2) . With etch-and-rinse adhesives, a decreasing gradient of resin monomer diffusion within the acidetched dentin 3) results in incomplete infiltrated zones along the bottom of hybrid layers that contain denuded collagen fibrils 4) . Several studies have demonstrated the hydrolytic degradation of dentin collagen matrices and/ or resin elution in aged dentin interfaces 1) . Self-etch adhesives were developed to overcome the problems of technique sensitivity associated with the use of etchand-rinse adhesives. No rinsing is required with selfetch adhesives, which are based on the use of a high concentration of non-rinsing acidic monomers or socalled self-etching primers. The self-etching primers are used for conditioning and priming both the enamel and dentin 5) by infiltrating and partially dissolving the smear layer and hydroxyapatite to generate a hybrid zone that incorporates the minerals and smear layer 6) . The hybrid layer is less thick than the one produced by etch-and-rinse adhesives. This has been proven to be of only minor importance with regard to actual bonding effectiveness 7, 8) . Degradation of hybrid layers including disorganization of collagen fibrils and hydrolysis of resin from interfibrillar spaces within the hybrid layer was observed after immersion in water for one year 9) . Because resin degradation is related to water sorption within the hybrid layer, it causes a significant decrease in the modulus of elasticity of the resins. This has been thought to contribute to the degradation of bond strength, independent of resin hydrolysis 9) . The degrees of permeability after polymerization of the resin-dentin interface may behave as semi-permeable membranes permitting water movement throughout the bonded interface 10) . They therefore produce permeable unstable resin matrices that are susceptible to water sorption, resin leaching and hydrolysis over time. Additionally, thermal changes occurring in the oral cavity have been simulated and proven to have an effect on the durability of adhesion 11, 12) . The purposes of this study were to compare the bond strength of etch-and-rinse and self-etch adhesives with and without 10,000 cycles of thermocycling and to investigate the micromorphology of resin-dentin interfaces under a scanning electron microscope. The null hypothesis was there was no effect of thermocycling on bond strengths or on the micromorphology of the interfaces between different adhesives and dentin.
MATERIALS AND METHODS
This study was approved by the Faculty of Dentistry and Faculty of Pharmaceutical Sciences Institutional Review Board with MU-DT/PY-IRB.
One hundred and twenty-eight non-carious human premolars, which had been extracted for orthodontic reasons, stored in a 0.1% thymol solution at room temperature for a week, and then kept in physiologic saline at 5 o C for less than 1 month before testing. The teeth were sectioned perpendicularly to the long axis of the tooth to expose the mid-coronal dentin surface using a slow-speed cutting machine (Isocut TM , Buehler, Lake Bluff, IL, USA) with water cooling. The occlusal dentin surface was ground with 600-grit silicon carbide paper under running water for 30 s. The prepared teeth were randomly divided into two groups based on the testing method: the micro-tensile bond strength test (80 teeth) and evaluation of the resin/dentin interfaces (48 teeth).
All prepared surfaces were randomly divided into two groups and subjected to bonding with either etchand-rinse or self-etch adhesives. The specimens in the etch-and-rinse groups were divided into four subgroups of 16 teeth each for bonding with one of the following adhesives: Optibond FL, Adper Scotchbond MultiPurpose, Optibond Solo Plus, and Single Bond 2. For the self-etch groups, the specimens were also divided into four subgroups of 16 teeth each for bonding with one of following adhesives: Clearfil SE Bond, Adper SE Plus, Clearfil S3 Bond, and Adper Easy Bond. All adhesives were applied to the prepared surfaces following the manufacturers' instructions. Information regarding the adhesives used in this study is presented in Table 1 . A microhybrid resin composite (Filtek Z250, 3M ESPE, St. Paul, MN, USA) was built-up in three increments, each 2 mm thick. Each increment was light activated for 40 s using a quartz tungsten halogen light-curing unit (SL 3000, 3M ESPE) with an intensity of 600 mW/cm 2 confirmed by a light meter (Light Meter 200, Rolence Enterprise, Chungli, Taiwan) for ensuring constancy of output. The resin-tooth bonded specimens were stored in distilled water at 37°C for 24 h.
After 24 h of storage, half of the specimens in each group (eight teeth) were subjected to testing. The remaining specimens (eight teeth) were subjected to 10,000 cycles of thermocycling between water baths at 5 and 55°C (dwell time 15 s). Five teeth from each group were used for micro-tensile bond strength testing. The remaining three teeth in each group were used to study the resin-dentin interfaces.
For the micro-tensile bond strength test, hourglass specimens were prepared. The specimens were sectioned perpendicularly to the bonding surface, using a lowspeed cutting machine with water cooling. Two to three 1.0-mm-thick tooth slabs were obtained from each tooth. The slabs were gently trimmed into hourglass specimens at the resin-tooth bond, using a cylindrical super-fine diamond bur (Superfine high speed flame diamond bur, Intensiv SA, Grancia, Switzerland) to a neck width of approximately 0.9 mm. This resulted in a cross-sectional area at the bonded interface of less than 1 mm 2 . Each cut specimen was then attached to a testing apparatus (modified Bencor multi-T device) on a universal testing machine (Lloyd™ Testing Machine, Model LR 10K, Lloyd Instruments, Fareham Hanth, UK) with a cyanoacrylate adhesive (Model Repair II Blue, Dentsply, SANKIN, Tokyo, Japan). A tensile load was applied at a crosshead speed of 0.5 mm/min. The micro-tensile bond strength was expressed in megapascals (MPa).
After micro-tensile bond strength testing, the fractured surfaces were examined under a scanning electron microscope (Model JSM 6610 LV, JEOL Company, Tokyo, Japan). The locations of failures were recorded as percentages of areas in the following categories: adhesive failure, cohesive failure in resin, and cohesive failure in dentin.
For statistical analysis, the means and standard deviations of the micro-tensile bond strength were calculated. The effects of adhesives and thermocycling on bond strengths were analyzed statistically using twoway analysis of variance at a 95% level of confidence. The data distribution and normality were analyzed using Levene's test and Komogorov Smirnoff test. The Dunnett T3 multiple comparison was used to determine the difference of means among groups. The failure modes were analyzed using the Kruskal-Wallis test for non-parametrical data at a 95% level of confidence.
The remaining three teeth in each group were used for evaluation of the resin-dentin interfaces. The specimens were subjected to cutting perpendicularly to the bonding surface to create two approximately 1.0-mmthick slabs from each tooth, using the slow-speed cutting machine under water cooling.
The cut specimens were immersed in a silver nitrate solution (50% w/v) at pH 3.4 for 24 h in a dark room at room temperature, rinsed thoroughly with distilled water and immersed in a photo developing solution for 8 h under fluorescent light to facilitate the reduction of silver ions into metallic silver particles. Finally, the specimens were soaked in a fixing solution for 2 min.
The silver-stained specimens were embedded with epoxy resin in silicone moulds measuring 0.8×1.5×0.8 cm and left for 24 h until the epoxy resin was completely set. The embedded specimens were ground with a series of silicon carbide papers ranging from 600-grit to 1200-grit under running water and finally polished with a diamond paste sequentially to a size of 0.25 µm (6, 3, 1 and 0.25 µm). The specimens were then treated with 10% phosphoric acid for 3 s, rinsed with water, immersed in 5.25% NaOCl solution for 3 min, rinsed with water, and then dried in a desiccator. The resindentin interfaces and the deposition of silver particles were examined under the scanning electron microscope with backscattered electron images at a magnification of ×1,000. An additional observation under SEM at a magnification of ×3,500 was performed for the groups of self-etch adhesives.
RESULTS
The 10,000 cycles of thermocycling and the adhesives used (the etch-and-rinse adhesives and the self-etch adhesives) affected the micro-tensile bond strengths (p<0.01) with interaction between these two independent factors (p<0.01). The two independent factors in this study affected the micromorphology of the resin-dentin interfaces.
Micro-tensile bond strengths and statistical analyses are presented in Table 2 and Fig. 1 . The results at 24 h of testing of the etch-and-rinse adhesives demonstrated that the three-step etch-and-rinse adhesives exhibited relatively higher bond strength than the two-step etch-and-rinse adhesives. Optibond FL exhibited the highest bond strength without statistically significant difference from Adper Scotchbond Multi-Purpose (p=0.96). The bond strength of Optibond Solo Plus was not significantly different from Adper Scotchbond MultiPurpose (p=0.99), and Single Bond 2 (p=0.51). For the self-etch adhesives, Clearfil SE Bond showed the highest bond strength, followed by Clearfil S3 Bond, Adper Easy Bond and Adper SE Plus. No statistically significant difference was found between Clearfil SE Bond and Clearfil S3 Bond (p=0.58) and between Clearfil S3 Bond and Adper Easy Bond (p=0.31). When comparing self-etch adhesives with etch-and-rinse adhesives, the highest bond strength was observed with Optibond FL, followed by Adper Scotchbond Multi-Purpose and Clearfil SE Bond without statistically significant differences. The lowest bond strength was observed with Adper SE Plus. Based on the 24-h results, the adhesives could be classified into three categories: The different superscript letters indicate significantly difference (p<0.05) Fig. 1 Box plot diagram of micro-tensile bond strength on dentin with and without thermocycling (The thick horizontal line in the box represents the median bond strength, the boxes represent the first quartile to the third quartile and the whiskers represent the lower and the upper quartile).
high bond strength (Optibond FL, Scotchbond MultiPurpose, Optibond Solo Plus, and Clearfil SE Bond), moderate bond strength (Single Bond 2, Clearfil S3 Bond, and Adper Easy Bond), and low bond strength (Adper SE Plus). All etch-and-rinse adhesives except for Single Bond 2 demonstrated a significant reduction in bond strength after thermocycling. The results after 10,000 cycles of thermocycling of the etch-and-rinse adhesives showed no significant difference in bond strengths among Adper Scotchbond Multi-Purpose, Optibond FL, Optibond Solo Plus and Single Bond 2 (p>0.05). After thermocycling of the self-etch adhesives, the bond strengths of Clearfil SE Bond were higher than those of Adper Easy Bond (p=0.00) and Adper SE Plus (p=0.00). Bond strengths of Clearfil SE Bond after thermocycling were not different from those of Clearfil S3 Bond after thermocycling (p=0.892). Clearfil SE Bond exhibited the most sustainable adhesion and high bond strength in this study.
The means of percentages of failure mode distributions are shown in Fig. 2 . Adhesive failures were primarily observed at the interfaces of the fractured specimens for all groups. Statistical analysis demonstrated no difference in the patterns of fracture modes among tested groups.
The resin-dentin interfaces with silver nitrate staining were examined under the SEM. Representative micrographs of the interfaces are presented in Figs. 3-5. Examination of the resin-dentin interfaces of the etch-and-rinse adhesives revealed 3-to 5-micrometre hybrid layers (Fig. 3) . Small amounts of silver particles were identified at the bottom of the hybrid layers for the groups at 24 h. Increased deposition of silver particles at the bottom of the hybrid layers after thermocycling was observed in the three-step etch-and-rinse adhesives. The deposition was less than that observed in the twostep etch-and-rinse adhesives. Large amounts of silver particles were deposited at the bottom of the hybrid layers in the two-step etch-and-rinse adhesives.
The hybrid layers of four self-etch adhesives were approximately 1 micrometer thick: Clearfil SE Bond, Clearfil S3 Bond and Adper Easy Bond; the thickness of Adper SE Plus was approximately 3-4 micrometers (Figs. 4 and 5) . At 24 h, a large number of silver particles were observed within the adhesive layers, hybrid layers and resin tags of Adper SE Plus, Clearfil S3 Bond and Adper Easy Bond (Fig. 5) . Fewer silver particles were found in Clearfil SE Bond compared with other selfetch adhesives. Increased silver particle deposition was observed at the adhesive and hybrid layers after 10,000 
DISCUSSION
The null hypothesis was rejected because the 10,000 cycles of thermocycling and the adhesives used affected the micro-tensile bond strengths and the micromorphology of the resin-dentin interfaces. A wide range of adhesive systems have been developed in an attempt to simplify application and to make the dentist's work more enjoyable 13) . With contemporary adhesives, the substance exchange between biomaterial and tooth tissue is carried out in one, two or three clinical application steps. Beyond the number of application steps, adhesives can be further classified based on the underlying adhesion strategies, which differ in how they interact with natural tooth structures in the "etch-and-rinse" and "self-etch" adhesives.
The etch-and-rinse strategy is subdivided into two groups: three-step etch-and-rinse and two-step etchand-rinse adhesives. In these procedures, the rather aggressive phosphoric-acid-etching on dentin nearly completely deprives collagen of hydroxyapatite 13) . With these adhesive systems, complete penetration of demineralized dentin is rarely achieved 6) . This may result in incomplete hybridization, leaving collagen unprotected 14) . Incomplete resin impregnation and imperfect polymerization of adhesive resin can create bond defects resulting from uninfiltrated demineralized zones and/or discrepancies between the depths of acidetching and resin infiltration 15, 16) . These zones have been described as porous regions with exposed and unstable demineralized collagen networks surrounded by nanometer-sized, interfibrillar spaces filled with water 16) . This porous zone can be penetrated by solutions such as silver nitrate, even in gap-free restorations, a process that has been termed nanoleakage 16, 17) . Nanoleakage may increase over time because of water sorption, thereby accelerating hybrid layer degradation 16, 17) . Increasing nanoleakage over time as simulated by thermocycling at the bottom of the hybrid layers was observed under the SEM in this study (Figs. 3-5) . Incomplete resin impregnation of denuded collagen may be expected, according to several studies [15] [16] [17] . This may weaken the bond strength of etch-and-rinse adhesives to dentin over time 18) (Table 2 and Fig. 1 ). Because more hydrophilic monomers are contained in the two-step etch-and-rinse adhesives, more degradation of the resin/ dentin interfaces may be expected 19, 20) . This might cause deposition of a large amount of silver particles at the bottom of the hybrid layers in the two-step etch-andrinse adhesives (Fig. 3) that may increase the risk of degradation over time. The effect of the hydrophilicity of adhesives was found in the Single Bond 2 groups that showed lower bond strength and greater silver particle deposition at the resin-dentine interfaces than in the three-step etch-and-rinse adhesives.
The self-etch adhesives are based on the use of selfetching primers to generate a hybrid zone made up of the calcium of residual hydroxyapatite and a smear layer 6) . A potential chemical bond with calcium and acidic monomers has been proven 3, 21, 22) . Preservation of hydroxyapatite crystals within the submicron hybrid layer may stabilize collagen and prevent its denaturation and collapse 23, 24) . The self-etch techniques are classified into two types: 2-steps and 1-step, or the so-called allin-one system. The different bond strengths of the selfetch adhesives in this study may suggest variations in the adhesive systems tested based on their different chemical compositions 25) . Sustainable adhesion and high bond strength after thermocycling was observed with Clearfil SE Bond and Clearfil S3 Bond (Table 2 and Fig.  1 ). The 10-MDP of MDP-containing adhesives has been proved to readily adhere to hydroxyapatite and form nanolayering structures. These nanolayering structures appeared very stable, as confirmed by the low dissolution rate in water 26, 27) . This may improve the sustainability of these products. More silver particle deposition within the resin-dentine interface was found in Clearfil S3 Bond than in Clearfil SE Bond. The higher hydrophilicity of this all-in-one system related to its semi-permeability might allow more penetration of silver stain into the interfaces 9, 10) . Furthermore, both Adper SE Plus and Adper Easy Bond demonstrated lower bond strength and clear deposition of silver particles within the hybrid layers than with Clearfil S3 Bond, which might be at risk for degradation (Fig. 5) .
Adper SE Plus has a pH value of less than 1, characterizing it as a strong self-etch adhesive. The strong self-etching adhesives have been reported to have rather low bond strength, especially to dentin, due to their initial high acidity, which causes deep demineralization 28, 29) . The rather thick hybrid layer achieved by using strong self-etch adhesives is demonstrated in Figs. 4 and 5. Adper SE Plus uses only water as solvent; because it is difficult to remove the water, residual water within the adhesives or hybrid layer may be expected. This may cause phase-separation, polymerization inhibition, and reduced shelf-life 30, 31) that might contribute to the low bond strength and the presence of porosity at the resin/dentin interfaces of Adper SE Plus.
This study demonstrated an effect of thermocycling on the degradation of resin-dentin interfaces. Three possible mechanisms might explain this: (1) physical degradation due to higher thermal contraction/ expansion coefficients of the restorative material generate stress at the resin/tooth structure interface, resulting in crack propagation along the bonded interface and gap formation 3) ; (2) chemical degradation due to hot water accelerating the hydrolysis of the adhesive monomer 32, 33) ; and (3) biological degradation of denuded collagen within the hybrid layers by activation of the MMP enzyme at the activation site 34) . The effect of thermocycling on the durability of adhesion to dentin was clearly observed, especially with the etch-and-rinse adhesives in this study. Because the denuded collagen within the hybrid layers of the etch-and-rinse adhesives was at risk of degradation [15] [16] [17] , increased silver particle deposition within the hybrid layers and decreased bond strength were clearly observed in the etch-and-rinse groups after thermocycling (Fig. 3) . Therefore, all of the self-etch adhesives demonstrated sustainable adhesion. Thermocycling had no effect on reducing the bond strength in all self-etch adhesives. The compact and homogeneous hybrid layers (Figs. 4 and 5 ) might affect the stability of adhesion 1) . Additionally, thermocycling exerted an influence on bond strength because the adhesive failures were observed between the resindentin interfaces 3, 11) . Adhesive failures were observed after bond strength testing for all groups in this study.
Adper Easy Bond is a non-MDP-containing all-inone adhesive system in the low bond strength group. It has been thought that the instability of the resin-dentin interfaces and the hydrophilicity of Adper Easy Bond 6) might contribute to the low bond strength of this product and reduce the sustainability of the hybrid layers. This product showed low bond strength and non-sustainable resin-dentin interfaces in present study. Conversely, Clearfil SE Bond demonstrated high bond strength with sustainability of interfaces compared to the other products. The positive performance of this adhesive can be attributed to the more stable resin/dentin interfaces as a result of its hydrophobicity 13) and nano-layering formation by a MDP-containing adhesive 26, 27) . Regarding the two all-in-one systems in this study, a previous report showed similar effectiveness of the mild acidity of these two products in activating the enzymatic activity of MMP that caused the autolysis of collagen within the hybrid layers 35) . Therefore, Clearfil S3 Bond showed significantly higher bond strength with less silver particle deposition within the hybrid layers than Adper Easy Bond after thermocycling. Adper Easy Bond was less sustainable than Clearfil S3 Bond. Furthermore, Adper Easy Bond is a non-MDP-containing adhesive. The durability of nanolayering within the hybrid layer of Adper Easy Bond might be less than with Clearfil S3 Bond 26, 27) . The increased permeability caused by the hydrophilicity of Adper Easy Bond might induce degradation of the interfaces.
CONCLUSION
The temperature change by means of thermocycling reduced the bond strength and increased the penetration of silver particles into the small space of the hybrid layers, especially in etch-and-rinse adhesives. This was represented by the deposition of silver particles at the bottom of the hybrid layers. The increasing silver deposition at the resin-dentin interfaces may cause problems with the long-term durability of resin-dentin adhesions. The MDP-containing, self-etch adhesives may have the benefit of sustainable hybrid layers. Therefore, the bond strength of self-etch adhesives depends on its component materials.
